Abstract-Carbon stable isotope ratios measurement serves as an important implement for environmental geochemical processes study. While Mass spectrometry is commonly used for the task, FTIR (Fourier Transform Infra-Red) spectroscopy has the potential for determining these isotopic ratios with the advantage of simple in-situ measurements. Online analysis enables continuous processes monitoring and decreases sampling errors, caused by the sampling and the laboratory analysis procedures (e.g. for measurement in the mass spectrometer).
I. INTRODUCTION
Water isotopic content is the subject of many environmental studies as it gives important information about their origin and history. Any atmospheric water contains certain amount of dissolved carbon dioxide. Thus oxygen, hydrogen and carbon through its various species Manuscript received April 19, 2018 ; revised May 24, 2018. Ira Litvak is with the he Melbourne University Department of Infrastructure Engineering, Australia (e-mail: irachkalitvak@gmail.com).
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(CO 2 , HCO 3 -& CO 3 --) are commonly used for isotopic characterization of natural water [1] . Carbon has got two naturally occurring stable isotope, 12 C and 13 C with the abundance of 98.9% and 1.1% respectively ( 13 C/ 12 C 0.011). Most geochemical processes are precipitation-dissolution reactions rather than oxidation-reduction processes. For example, Calcium Carbonate dissolution-sedimentation process is a chemical reactions but not an oxidationreduction process [2] . Thus, the reaction rates are slightly different in the various carbon isotopes, or if equilibrium is established isotopes partition themselves differently between products and reactants [3] .
The natural stable carbon isotope equilibrium occurs usually via three processes: inorganic-chemical, organicbiological and combined effect. The inorganic carbonate system is comprised of multiple chemical species linked by a series of equilibria: CO 2 -H 2 O -H 2 CO 3 -CaCO 3 . The organic process of carbon isotope fractionations occurs during photosynthesis or respiration and depends on the partial CO 2 pressure of the system [4] .
The dissolution of CO 2 or it's degassing processes occurs through several reactions [5] : 
13 C delta values ) are calculated using the following equation:
δ in ‰) = ( -1)1000
where "R" represents the ratio between the heavy isotope ( 13 C) and the light isotope ( 12 C) in the sample and in the standard.
Different Values of 13 C are typical for different carbon sources; for example fresh-water carbonate (which is the carbon source type chosen as the case-study) are in typical range values of (-20) -(+14) ‰ and groundwater HCO 3 -in within values range of (-27) -(+13) ‰ and marine carbonate type presents values of (-2) -(+3) ‰ C3 type plants typical values range are of (-30) -(-20) ‰ and C4 type plants are in the range of (-15) -(-10) ‰ [6] .
The common practice of carbon isotopic abundance determination is Mass spectrometry (MS) [7] , [8] , however Ira Litvak, Yaakov Anker, and Haim Cohen
In-Situ Measurements of Carbon Stable Isotopes Ratio in Karstic Caves by FTIR Spectroscopy this research examines the potential of FTIR (Fourier Transform Infra-Red) spectroscopy for these isotopic measurements. Our hypothesis is that by using a portable FTIR device it is possible to perform in-situ measurements, so it will not be necessary to collect, treat and preserve the samples. The benefits of such method are delineation of continuous processes and reduction of analysis errors, affiliated to the sampling and MS sample preparation procedures. As in-situ measurements are conducted at the site place, there is no need to stabilize the temperature and (partial) pressure(s) of the FTIR spectrometer conditions, which might lead to potentially large errors introduced by variations in the line intensities due to Boltzmann changes owing to ground level conditions. Moreover, FTIR does not require high vacuum system as the MS does, it is smaller in size and relatively inexpensive. In addition, the infrared spectra measurement procedure is fast and easy and is already replacing MS in other measurements types [9] . Other new technologies for stable isotopes measurements, such as CRDS lasers [10] - [13] ; are yet far from cost effective nor simple to operate, when compared to FTIR. As field measurements complexity within a cave or in similar terrains demands convenient procedure, most measurements procedures are hardly applicable.
In this perspective, the main goal of the research is to develop a simple, in-situ measurement method for portable FTIR, enabling stable carbon isotopes ratio ( 13 C/ 12 C) determination in water. The method testing case-study, investigated the Sif karstic cave geochemical system. Online measurement performed included water samples from three locations (noted as 1-3) within the cave, which were directly collected and measured in-situ.
II. MATERIAL AND METHODS

A. Case Study Site -Sif Cave in-Situ Sampling
The Sif cave is located in the central part of Israel and was formed in telogenetic mature dolomitic limestone of Weradim Formation, Cenomanian (late Cretaceous) age, in the upper part of the carbonate Judea Group. The dissolution process of the dolostone {carbonate mineral composed of calcium magnesium carbonate} is slow and occurs via the chemical reaction:
Runoff percolating through the soil dissolves carbon dioxide that is released once water drips into a cave; this process is responsible for precipitation of speleothems and to the slightly different cave atmosphere (in reference to the surface).
The water were collected by three large plastic (polyvinyl chloride -PVC) sheets transferred hundreds of drips from three different areas in the cave denoted as 1-3 [14] . The sheets surface areas are: Site 1: 17 m From the sheets water is flowing into three separate barrels and the samples are collected from the barrels. The PET bottles which contain the water samples for laboratory measurements (MS and for FTIR reference) were filled to the top with water (without free gas phase). The overflow filling insures that no exchange with atmospheric CO 2 will take place. The samples are kept cooled at 4 [15] .
B. Materials 1) Samples
Standards samples were prepared using Calcite (a-b), Sodium carbonate and pure CO 2 gas. Calcite from two sources was used as a standard (a) or as internal standards (b). (a) IAEA-CO-8, Calcite reference material IAEA-CO-8 is a natural carbonatite originating from Schelingen at the Kaiserstuhl, Germany. (b) Fine CaCO 3 powder from local limestone of the Weradim formation (Judea group, Israel). Sodium carbonate, Na 2 CO 3 AR grade (supplied by Merck), has been used as well as an internal standard. CO 2 gas, CP grade was taken from a gas bottle (supplied by Oxygen and Argon Works LTD) and used as an internal standard. All powders were dissolved with Ultra-Pure distilled Water (UPDI) from a Dow Water & Process Solutions ion exchange system. The water resistance was 18.2 Mohm cm at 25 , with TOC Values lower than 5ppb.
2) MS measurements
A BALZERS model QMG421 quadrupole Mass Spectrometer has been used as a reference unit for the determination of stable isotopic content. The analysis of the CO 2 yields a peak at mass 44 amu which originates from 12 C 16 O 2 + ion and a peak at mass 45 amu which originates from 13 C 16 O 2 + ion. Sample solution of 20 ml filled the sampling reactor through septa and frozen at 77K (using liquid Nitrogen), after that the air above the sample was pumped via a vacuum line. Concentrated Hydrochloric acid was injected (1 mL) via the septa, and was frozen again (air residue was pumped out). Following this step, the frozen sample was melted by heating to room temperature. The reaction between carbonates in the sample and acid released CO 2 gas to the reactor. Finally, the gas sample was injected to the MS for analysis at 5 mbar, via a special leak valve. The background measurement was carried out at high vacuum of 7 mbar.
3) FTIR measurements
The FTIR instrument used in this study was Agilent Technologies; model Cary 630 with a transmission unit accessory. The sample preparation both in-situ and in the laboratory was similar to the procedure for the MS measurements. The first step in the measurement procedure is to eliminate the 400ppm atmospheric CO 2 by setting it as background. First the FTIR gas cell must be emptied, and then opened to atmospheric air, closed and measured as background. In the next step, a glass sampling bulb with a magnet was filled with 80 mL sample solution, and attached to an empty FTIR gas cell (Fig. 1 in the insert) . Concentrated Hydrochloric acid was added (4 mL) and the solution was stirred for 1-2 minutes (The valve between the cell and the reactor is closed). The released carbon dioxide was transported from the sampling bulb to the cell (by opening a connecting valve) -the CO 2 degassing from the solution lasts between two to three minutes. The cell was detached from the reactor (all the cell valves were closed) and the FTIR was operated using 2 cm -1 resolution, 100 scans (for background and sample measurements). The FTIR detector was of deuterated triglycine sulfate (DTGS) and the beam splitter of KBr.
The system which was prepared and used for in-situ field measurements (in Sif cave) is presented in Fig. 1 . From left to right it can be noticed: (a) A gas cell attached to a (b) Sampling reactor which is connected through a reinforced PP black pipeline via a diaphragm vacuum pump to (c) the FTIR spectrometer, which is operated by an Acer laptop computer. Fig. 1 . In-situ (Sif Cave) sampling system for gas analysis in the FTIR (In the insert: a. Gas cell; b. Sampling reactor).
III. RESULTS AND DISCUSSION
While CO 2 13 C isotopes abundance measurements by MS are common practice, it also demands special sampling procedure and the transportation of the sample to the laboratory for analysis. Both actions might result an inherent difference from the in-situ measured values [16] . As MS field applications techniques are complex and expensive, there are several IR spectroscopy based devices under ongoing development that are capable to perform insitu stable isotopes analysis [17] .
The present study was aimed to develop and evaluate a FTIR spectroscopy based methodology for environmental isotopes analysis, conducted in field conditions. In most reported studies [18] - [20] carbonates 13 C abundance was determined from air samples in gaseous phase and the measurement procedure, data calculation and processing used complex instruments and multi-stage procedures, which are far more complicated than the method developed in the current study. As example, the Mohn et al. 2008 setting requires keeping the FTIR in an air conditioned trailer, oil-free vacuum pump for extracting the sample and also membrane pump and thermoelectric chiller. In comparission, the metodolgy presented here requires a simple portable FTIR device and a diaphragm vacuum pump to evacuate the gas cell for the previous in-situ measured sample. In addition, the pump can also be used for water trasformation from the water source to the sampling reactor. The procedure described in this paper enables "real world" scenario assessment. The system evaluated here as an example included CO 2 that was extracted by acidification from water samples, taken in the karstic Sif cave, The CO 2 that was released from the solution with strong acid (HCl), demonstrated relatively in high concentrations (almost 60 times higher than its concentration in air), which ensures an accurate and sensitive FTIR stable carbon isotope analysis.
The typical CO 2 IR spectrum given in Fig. 2 13 C/ 12 C ratio calculation via peak area. While peak area ratio calculation is usually more accurate and commonly used, in this case due to the masking of the 13 CO 2 L-branch, this method cannot be used. Owing to that, the height ratio of the relevant peaks was chosen for the calculations. In order to determine a calibration factor for the FTIR it was needed to establish which wavelength is most representative. For those purpose five potential wavelengths points have been tagged with numbers 1-5 for further evaluation. 
A. FTIR Data Processing -Calibration Factor Calculation
0.0115-0.0121. In order to choose the best peak ratio among the five λ, we estimated which ratio will provide the best calibration factor. The indication that a ratio is optimal was by dividing each calibration factor of the three different carbon sources with each other and determining which one is approaching the value of 1. The calibration factor was calculated by dividing the absorbance value at a certain λ in the sample (carbon source) and in the standard (IAEA) -this is noted as , then dividing it with the -which is the ratio of the signals 45/44 in the sample and the standard in the MS measurements (Table I) .
For example of best ratio picking, this procedure was preliminary carried out in the laboratory on Weradim CaCO 3 powder and on CO 2 Gas standard (Table II) . The same method was used with IAEA CaCO 3 powder standard, in order to calculate the laboratory standard. The result that gave the best value of f i /f j = 1 has been used for the calculation of the calibration factor. Thus the measurements at and has been used for the 13 C/ 12 C determination [ (2/3)]. Table II , the best f i /f j value was 2 (2,345 cm -1 ) and 3 (2,275 cm -1 ), Once the best peak ratio was determined (meaning the closest f i /f j =1), calculation of the average calibration factor was done as explained in Table III . In order to establish the standard calibrated values the Calcite value was aligned to the IAEA-CO-8 standard [21] . For calibration of the FTIR measurements to the values that were determined by the MS method in the laboratory, a MS standard ratio (0.0117) was used for the calibration factor calculation (f) between the MS and FTIR (Table III) . Moreover, values that was calculated for MS and for FTIR and was also compared with datasets from other studies for validation. calculation relayed in the MS on the ratio between the signals in mass 45 and 44 amu, in both the sample and the standard ( ; and for FTIR on the ratio between peaks 2 to 3 in both the sample and in the standard ( ), which was multiplied by the calibration factor (f). The sum of the results for all three carbon sources is presented in Table III .
Yet there is some variance between MS and FTIR values that might be consequence the FTIR ratio calculation procedure. Owing to peak overlapping the calculation relies on peak heights that do not reflects the entire impact of the two isotopes disparity, as area calculation do. In order to align this discrepancy the calibration factor that calculated from three unrelated carbon sources and was found to be: 1.017 (Table III) . Samples from Sif cave were measured via the FTIR spectrophotometer as a portable on-line measurement system
B. 13C of Dissolved Carbonate in Water Samples from Sif Cave: In-Situ and Laboratory Measurements
in the cave and in the laboratory and compared with the MS measurements. Since the comparison to the MS measurements was essential, the samples were collected on the 05.04.2017 in sampling vials and measured in both MS and FTIR on the next day. The water samples denoted 1, 2 and 3 represent the barrels, of which a sample was taken from. The FTIR spectra of the same sample measured in the cave (in-situ - Fig. 1) . The values calculated for 13 C via the MS and FTIR (in-situ and laboratory measurements) methods are shown in Table IV . Each sample was measured in duplicates. The FTIR 13 C values measurements were with standard deviation of 3.113‰ for in-situ measurements and 4.820‰ for laboratory measurements. For MS measurements the standard deviation was ‰. The differences between the two methods (FTIR in-situ compered to MS) showed deviation of 7.195‰ (Table IV  and Table III) , which might be consequence of different treatment procedure of the samples and also owing to equipment inaccuracies.
While different carbon sources are characterized by value ranges with gaps greater than 7‰ (e.g. marine carbonate and groundwater HCO 3 -), there are also overlaps between other carbon sources (e.g. fresh-water carbonate and groundwater HCO 3 -) [6] . Although, MS measurement is yet more accurate than that with FTIR, by obtaining big enough dataset for the calibration factor (from both the MS and FTIR analysis) this gap can be overcome, resulting with a better and precise factor.
Moreover, since in-situ measurements prevents errors induced by sample transport and preparation the FTIR method can be even be superior to MS. Further potential improvement in the FTIR carbon isotopes ratio calculation can be achieved by advanced modelling that will enable absorption peaks area calculation, which may improve the accuracy and resemblance to MS methodology. The integration of laboratory and field works demonstrated that FTIR can be used for carbon ratio ( 13 C/ 12 C) analysis, not only in the laboratory but also in-situ. The new method is applicative for measurements of all types of water sources containing dissolved carbonates and can replace complicated MS measurements by applying calibration factor similar to the one found in this study.
IV. CONCLUSONS
The goal of this study was to develop a simple low cost method for in-situ measurements of isotope ratio of 13 C/ 12 C by using simple and affordable FTIR spectrophotometer.
Calibration factor for FTIR analysis was calculated from three carbonate sources (f = 1.017). As case study, samples from Sif cave were analyzed on the FTIR and compared with MS analysis, which demonstrated differences of 7‰ in values. This work demonstrated how a portable FTIR device can be used for carbon ratio ( 13 C/ 12 C) analysis, not only in the laboratory but for field measurements. The new method is applicative for measurements of all types of water sources containing dissolved carbonates and can replace complicated MS measurements by applying the calibration factor found in this study. Since most of the different carbonate sources of 13 C differ by more than 7‰ the use of FTIR for such task is valid and much more applicative owing to the procedure's simplicity and mobility potential compared to the MS and other technologies such as CRDS lasers.
